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A NOVEL METhOD FOR VISCOSITY MEASUREMENTS AT HIGH PRESSURES

The technique of quasi—elastic light scattering is utilized as a method

to determine the viscosity of fluids subjected to large hydrostatic pressures.

In this method, a small concentration of insoluble polystyrene spheres of known

diameter, 0.109 microns, were added to the fluid. The high pressure cell in

which the fluid is contained has three optical windows. The laser light scat-

tered from the suspended spheres is analyzed to determine the diffusion coeff i—

cient of the spheres. Since, by Stokes law,

kT
— 

8TtrD (1)

the viscosity of the fluid is determined from the measured diffusion coefficient

and known particle radius r. A small correction is required for the contraction

of the sphere and for refractive index change of the water under pressure.

Results on the viscosity of water at 25°c up to pressures of 2.5 kilobars is

reported and compared to publ ished results.

The high pressure system and scattering cell (1) is illustrated in

Figure 1. The system is assembled f rom standard* high pressure components.

The scattering cell consists of a high pressure cross; three blank conical

plugs are drilled out and fitted with sapphire cylinder windows which are

epoxied in place. Windows from 1/8” to 1/4 ” diameter by 3/4” long have been

used successfully to pressures of 35,000 psi. The fluid is filled through the

reservoir to overflow at the window to ensure that no air is trapped, then the

window plug is tightened. Pressure is generated by hand, by compression

* American Instrument Company, Silver Springs, Maryland.

1 
___________ 
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of fluid in the valves. The sequence is: close all valves, open valves A,

B. close A, open C, close B, C, then repeat sequence from open valves A, B.

Three repetitions of the sequence will bring the pressure to 35,000 psi for

the case of a water sample.

The light scattered by the polystyrene spheres is observed at a scattering

angle of 90° to the main beam. The intensity of scattered light is monitored

by a phototsultiplier which is operated in a photon counting mode, thus the

number of photoelectr ic events (photocounts ) per second n (t) is proportional

to the intensity of light. The intensity is not constant on short time scales

but exhibits fluctuation associated with the Brownian motion of the scattering

particles. The sequence of “instantaneous” intensities are stored in real

time in the memory of a computer, then the autocorrelation function is

calculated .

The photocount rate autocorrelation function c (T) is defined in terms

of the sequence n( t ) ; and in turn c(T ) is related (2) to the translational

diffusion coefficient D:

c(T)  (n ( t ) n ( t + T ) ) t = (n (t)) 6(T) + (n ( t) )~ + Ae
2
~~~

T 
. (2)

The brackets ( )~ denote the average overall starting times t; 6 (T) 1 for

o and 6 (r) = 0 otherwise.

For our computer method, the real time t and delay time i are always a

multiple of T, that is t jT with j  0
,
1,

2 .... ; A is a coefficient related

to the intensity of light scattered from the macromolecules; and the magnitude

of the scattering vector K is obtained from

4rrn
2 a o~K 

~~~~~~~ 
j sin ~ (3)

67



~~-- -

where n and A are the refractive index of the solution and wavelength of the

light in vacuum. In this experiment, the scattering angle 0 was kept at 90° .

The correlation time ~~~~~~~~~~ , and therefore D, is calculated from the slope of
2DK

£n[c (T ) — <n (t)) 21 vs. r, where the shot noise, the first ternt of Eq. (2) may

be neglected since it is zero except at T = 0, and <n (t))
~ 

is the average

count rate.

Water was taken as the first sample to test the technique. An example

of the autocorrelation function is seen in Figure 2, taken at a pressure of

15,000 Psi. The diffusion coefficient determined from the slope of this curve

in conjunction with Eq. (1) yields the viscosity at 15, 000 psi. Our results

for the limited pressure range of 0 to 35,000 psi (2 .5 kilobars) taken at a

temperature of 23°C are shown by the points in Fig .3. These points are

superposed on the extensive data of Butt and Capi (3) as represented by the

solid lines. The results are only intended as an illustrative example of

the method.

This method is applicable to lubricants where the viscosity is many orders

of magnitude greater than water. The correlation time for 0.1 micron spheres

in water is circa 37 x io
_6 

seconds. The apparatus is capable of determining

correlation times some six or seven orders of magnitude longer, hence for

correspondingly higher viscosities. It may also be possible to use spheres of

about 1 order of magnitude smaller to extend the method to even higher

viscosities.
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ABSTRACT

It has been shown experimentally by various investigations that

the dynamic viscosity of a dilute polymer solution in the limit of high

frequency does not become the viscosity of the solvent . To study this

limiting behavior, a high frequency surf ace delay line device has been

developed . The pulsed ultrasonic shear wave propagated into the liquid

over the frequency range f rom 3 ~eiz to 30 !4iz and has been used to deter-

mine the viscoelastic properties of polymer solutions . A computerized data

acquisition system has been interfaced with this device to determine wave

attenuation and phase shift even for pulsed radio frequency signals. The

method of data acquisition is based on adaptation of a conventional high-

speed sample and hold circuit, the generation of precise synthesizer

locked trigger pulse train, and the utilization of “walking equ ”
23

Data analysis is based on cross-correlation2 among echoes to yield phase

and amplitude. Differences in phase and amplitude with and without solu-

tions are converted to the viscoelaatj c properties .

The results of the high frequency limiting behavior of several

polystyrene solutions (5%, 10%, 20%, 40% ) together with steady— state

viscosity results are reported. With these results the possible explarta—

tion of the contribution of polymer molecules to the total steady-state

viscosity is presented and compared to the theories of Rouse, ~~~ 25 Ziuun5

and others
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PART I

INTRODUCTION

The viscoelastic response of dilute polymer solution is usually

separated into two parts, the polymer and solvent contributions. The

theories of Rouse, Zimm and others attribute the polymer contribution to

internal relaxational modes of the macromolecules .

At low frequencies, the long—range correlated segmental motions

dominate the viscoelastic response. The low—frequency dynamic response

has been investigated by a number of people using the Birnboim apparatus.

Thereby, it has shown that the behavior can be described rather well by

the theories of Rouse, Zinun and others as well as experimentally by

Birnboim and Ferry6.

The high frequency response in dilute polymer solution has been

explored by several investigators recently. On the basis of the theories

of Rouse and ziinm one might expect the polymer contribution, evident at

lower frequencies, to drop to zero in the limit of high frequencies, and

thus the viscosity of the solution to approach the viscosity of the

solvent in the limit of high f requency. However, it has been found ex-

perimentally that this assumption is not borne out and the difference

between the limiting solution viscosity and that of the solvent has been

attributed to internal friction within the polymer molecule. Since the

higher frequency modes of motion are short range in nature, they could

be greatly influenced by the internal viscosity of the submolecules.

This interpretation has been brought into question by Schrag3
’

4
’
5
’ 

27 and

the problem remains open. This discrepancy between theory and experiment

in the high frequency limit is called the ~~ problem.

4
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The experimental techniques that have been used to investigate

this phenomena have mainly been in the frequency range from 0. 01 Hz to

10 iiiz. This means that it has been necessary to use highly viscous

solvents in order to shift the 1L0,—phenomenon into experimentally accessible

regimes. This shifting normally requires an assumption of applicability

of the principle of time-temperature superposition.

We now present a brief discussion on the historical development

of shear property measurements in liquids. A great deal of attention has

been given to lower frequency experiments by using a quartz crystal vi-

brating in to~sion24 . This was used to measure the complex shear vis—

cosity of the liquid surrounding the crystal. The change in resonant

frequency and half width due to adding the liquid are measured in terms

of impedance change by a bridge. When the shear impedance of the liquid

is quite high, a different pulse method employing torsional waves travel-

ing along a delay rod can be used. The phase and amplitude of waves

reflected back from the bottom end or the rod are then measured. A

liquid sample is then placed around a rod and then the change of the

phase and amplitude is determined. In another technique, the first

thickness shear modes of an infinite plate were used in a nondispersive

delay line by Meitzler9 . This mode was propagated in a thin rectangular

strip delay line. The edges were taped with absorbing tape to damp edge

generated modes, and the SSO mode was excited piezoelectrically. Also,

Meitzler demonstrated that th~ shear mode could be propagated in a finite

plate 10 to 20 wavelengths in width if absorbing material is placed on

a minor surface. These lines are constructed of a metal strip with

piezoelectric transducers bonded to the ends. The crystals can excite
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